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This study examines the spatial and temporal character of sea ice floe si~,c  distribution
cluring  summer melt, important variables for understanding the summer heat and mass budgets
and l}IC distribution of heat bet wccn vertical and horimmtal  icc melt, Vrom MU-I SAR imagery
of the Bcaufort and Chukchi  Seas during 1992, an algorithm developed at the LJnivcrsity of
Kansas was used that determines floe pcrimctcrs. ‘1’hc floe si~c distribution and fractional area of
coverage have been computed. Prcl iminary results arc prcscntcd  that indicate the gradual
decrease in medium siz,c floes (1-5 km diameters) and a fair] y stead y maintenance of floes
smaller than 1 km in diameter over the primary sammr n]oJ)ths within the ccntra] pack ice
region. The latter result indicates that smaller floes continue to mcl[ or decay rather than
accumulate, indicating the importance of dynamics in affecting ice mc]t.

]. introduction—- —-—

‘1’hc complete understanding of the heat and mass balance of the polar oceans includes the
JnfdtiJlg of sea iCC iJl Sunnncr  and the rc-injection of fresh watt.r back into the upper ocean.
Short-wave radiation provides the heat for thinning the ice through top and bottom ablation,
which is enhanced by the presence of mc]t ponds on the ice surface, The open water bctwccn
fjocs also absorbs short-wave radiation, increasing lateral icc melt (I;igure 1 ) (Maykut  and
l’crovich,  1987). }Iow the radiation is patlitioncd  between vcrtica]  and horizmta]  melt is
important since total heating of the upper ocean during summer increases as ice concentration
clecrcascs.  Radiation models have shown that lateral melt is hig]ler in areas where there arc
many small (less than 200 m) floes as comparccl  to an equivalent icc/water concentration
composed only of large floes (Figure 2) (Steele, 1992). Stated another way, smaller floes melt
faster than larger floes bccausc  they arc more exposed to open waler that is warmed by incoming
short-wave radiation,

Sea icc melting is also affected by dynamic proccsscs,  including ice motion and the fracture
of large floes into small floes by the passage of storms. While the radiation-driven melting
procccds continuously, the storm-driven fracturing is cxpcctcd  to procccd  episodically. Waves
propagating into an ice cover will also breakup floe.s within the. ice margins. An examination of
floe size distribution by season and region may provi(ic  insight into the summer upper ocean heat
budget  and the relative importance of vertical and lateral melt as well as dynamic proccsscs that
affect JIIC]t.

Sca icc is a matrix of ice of various thickness and shapes, often aggrcgatccl  into larger
picccs  by thinner ice acting as a form of cement. ]n the winter, a co]]ection of floes may Jnovc
together as rigid bodies. in the summer, the floes disintegrate and decay as the thinner ice melts
away, leaving the component floes unconsolidated ancl isolated, As melt progresses, the, isolated



larger floes become surroundmi  by smaller and smaller floe.s and chunks of ice, resulting in a SOIL
of ‘soup’ or ice-water mixture.

Studies of floe size and distribution arc relative.ly rare, duc in all likeli}~ood  to the difficulty
in actually identifying qualitatively let alone quantitatively measurable floes. Rothrock  and
‘J’horndikc  (1984) used aerial photography and 1,andsat imagery on three different dates in
summer to dctcrlninc a f~oc size distribution and identified some changes in the distribution OVCI
time. Vinjc (1977) used l.ancisat  imagery to measure only those floes greater than 10 by 10 km
passing through ]Jram Strait and found that there was a dccre.asc.  in the number of all floe sizes
during early summer. }Iall  and Rothrock (1987) mcasmcd ]atcral  mc]t using aerial photography,
finding rates as high as 10 cm pcr day or 1-2 m over a 20 day pcriocl,  too mall to measure with
available satellite imagery,

Our study uses SAR imagery from the RRS- 1 C-bami  SAR from the Bcaufor(  an(i Chukchi
Seas. During the summer of 1992, the satellite was in a 35-day orbital repeat cycle with about a
9 day near-repeat cycle. The data were rcccivc(i  ami proccsscci at the Alaska SAR Facility.
Coverage extcncicci  within the station mask from the nor[hcrn mask limit (Arctic central ice pack)
to the ice edge in the 13caufort  Sca (near Pt. Rarrow)  an(i the Chukc})i Sca (cast of Wrangc]
island). Wc u[i]izc an automatic algorithm (icveiopc(i at the [Jnivcrsity  of Kansas which
cffcctivcly isolates and measures floe areas. Wc provide more detail on the data, the algorithm,
analysis proccciurcsj  and preliminary rcsu]ts in the following sections.

2. IIata Set ancl  Characteristics of Summer Shlcc l}~cksc~tt~l:

Wc have utilized ERS- 1 SAR C-bami imagery for this st ucly,  to take advantage of the
SAR’S all-weather/ all -light operational capabilities and high spatial resolution, ‘1’hc SAR swath
is 100 km wide and is obtainccl  in strips up to 2000 km in extent. The data has an inherent
resolution of about 25 m (12.5 m pixels) but wc used (iata that was samp]cd down to 225 m
resolution (100 m pixels) to take advantage of the rcduccd  size and radar spccklc,  despite the
knowledge that wc would not bc able to sample floe sizes ICSS than 100 m in area,

in the Arctic winter, IRS-1 has been foun(i  to bc parlicu]arly  cffcctivc in separating the
high] y contrasting (bright) multiycar  (MY) returns from most forms of first-year icc (darker
returns) (Kwok and Cunningham, 1994;  Fcttcrcr et al,, 1994). liarly s[agcs of icc growth
including the pcriocls of frost ftowcrs  on smooth thin icc and cvcm very thick first year icc may
have similar returns to MY icc (Stcffcn and Hcinrichs,  1994). IIowcvcr, during and after the icc
onset of melt, the contrast disappears bctwccn  MY and IiY ice, rcsu]ting  in difficulty in
distinguishing between the two major icc thickness grouils  duc to the wetlcr icc surfaces. ‘I%c
onset of melt is an identifiable event dctcrminc(i by the 4-6 (ill (iccrease (Wincbrcnncr ct al.,
1994). IIuring  summer, ablation continues and surface, water drains, leaving behind melt ponds.
As tcmpcraturcs near freezing in the fall, the icc backscattcr  may vary rapidiy  return as air
tcmpcraturcs oscillate about freezing (Wincbrcnncr  ct al,, 1996). Final]y, winter-]ikc conditions
prevail as the air tcmpcraturcs drop we.]] below frccx,ing  ancl the backscattcr rapid] y takes on its
bright multiycar icc / dark first-year icc contrast. Also important to consider is the effect of
win(is  over open water leads on the radar returns. ‘1’hcsc returns are cxtrcmcly  variable and may
bc either brighter, similar or (iarkcr than the ice.

3. ICC IJloc Algorithm

‘1’hc floe algorithm is base(i on the so-calicd  restricted growing concept, (icscribcd in Soh et
al. (] 996), which enables separation of objects while maintaining size. The algorithm has several
steps, the first of which separates icc from open using another tcchniquc  caiicd local dynamic



thresholding,  (Ilavcrkamp  et al., 1995). “1’hc segmentation step operates under Iwo separate
conditioJ~s,  whcJ] the ice is dark and water is brighl  (summer) or when the ice is bright and
leads/open water arc dark (winter). After scgn~cntatioJl,  the restricted growing concept is
implcmcntcd, whereby objects (or floes, with dcfiJlitivc shape. aJ~d size) arc identified within the
ice, followed by a shri Jlking process that improves idcnt  ificatioJ~  of object  scparat ion, Next, the
objects  arc allowed to grow back up to their size whi lc Jnai nt aiJliJ~g  separat ioJl. A shape filter is
thcJl  ill@CJllCJltCd  which furlhcr identifies ad~accJlt  floes that appear Jlot to be separate and have
a resulting branch-like appcaraJ~cc.  These floes arc thcJ~ rcclassificcl  into a class called
‘discarded’ floes. The portioJ~  of’ the ice cover that was not classified iJ~to  fiocs arc agaiJ~ JUI]
throtJgh a variation of dynaJnic  thrcsholding  so that open water and the remaining ice-water
Jnixturc arc separated. Fina]]y, the floe areas arc ca]cu]atcd  based on nLJJllbCl  of pixc]s,

The algorithm woJ’ks best uJ~dcr  suJnnlcr  coJ~ditions  whcJJ the icc has (iark backscattcr due
to surface wctJms  and the open water ]cads arc radar bJ”ight  froJn high winds. ]t works less WC]]
W}]CJ) the winds arc light and when the ice is bright, due. to reduced coJ~t rast, EnvironJnental
factors, especial] y air teJnpcraturc,  alter the backscattcr often over very short tiJnc aJld space
scales which creates inconsisteJ~cy  in the c]ual  it y of the output, often  t imcs it is cxt rcJncl  y
difficult to visually dctcrJniJlc floe boundaries dlJc to uJlifornl backscatter.  WithiJ~  the Jnarginal
ice zones, the variatioJls  in the ocean backscattcr due to wiJ~(i and currents further increases the
difficulty in correct scgnlcJltatioJ1.  ~JJlc]cr  these coJlditions,  the resultant output  Jnust be iJ~spcctcd
on an iJnage by iJnagc basis to select accLJratc  results 10 bc iJlcludcd iJl the data base. An exaJnple
of high quality output is SCCJI  iJl ]~igure 3.

~. l’rc.iiminarv  Results and Analvsis

The ERS- 1 SAR data were grouped and processed iJl two batches, the 13caufor[  clata  takes
aJld the ~hukcbi data takes The data were then separated into time periods (1’able 1), which were
sc]cctcd based cm nominal eJ~vironmcntal conditions and backscattcr characteristics. Ilom
previous ERS-1 SAR analyses of the 1992 sun]n]cJ’  BcaufoJl  Sea ice cover, Jnc]t oJlsct  was
dctcrnliJlcd  to ]ast fro~Jl June. ] 3- June 27 (WincbrcnJmr cl al., ] 994) and the oJ~sct  of freeze
occurred froJn August 27 to ScptcJnbcr  6 ( Wi nc.brcnncr et al., 1996). Melt and freeze proceed
]atitudina]]y  so the ice cover has sharply varying (both spatially and tcJnporally)  backscattcr
during those periods. Periods 1 and 7 arc Jnorc winter-like and the rcsu]ts are not satisfyiJ~g
cluring  these periods. So isolating these tiJnc periods rcdlJccd the varying cnvironJncntal
coJlditioJls t}~at the algorithm was working OJ1. Ncx[ the data were binned into 2 degree latitude.
regions. Note that there were relatively few iJnagcs above 82°N so the highest latitude biJl was
allowed to extend beyond the 2 dcgrcc  size. This enabled coJnparisons  of the floe data by region
and tiJnc. The floe sizes were thcJl put iJlto 10 fioc c]asscs in terms of area (Table 2),

Upon analysis, wc find that the variations in backscattcr in rcspoJwc to air tcJnpcJature
rcsulte(i iJ~ the first two anti last two periods being of Jnarginal  quality aJld provided no SCJ]SC of
any pattcrJ~  in the floe siy,c distribution. W hcJ~ the ice is brighter (iuriJ~g col(i  temperatures, the
rcsu]ls iJlc]uCicd  arc accurate but a rc]alivc]y small percentage of floes of the cJltirc ice cover arc,
{ictcctcd  dLlc to iJlcorrcct  scgJncntat  ioJ1. I ]owcvcr,  (iuring the three 20-Ciay periods iJl the
summer, the results were quite satisfactory. A conq>arisoJ~  of the two regions intcrcstiJ~gly
appeared quite siJni]ar above 74 ‘N, which is approxiJnatc]  y the cxtcJlt  of the scasoJla] ice ZOJIC.
13C1OW this latitude, the results were variable and ciiffcrcJ~t  iJ~ the two nlargiJlal ice zones of the
Bcaufml Sea J~car 1’1. Barrow anti the ~hukchi Sea. This vari:ibility  is JIOt surprising since the ice
pack generally remains fairly compact Jlcar IlarJow an(i the margiJ~ of the C%ukc}~i  is a(iJaccJ~t  to
extensive opcJ~ water to the south in summer, subjecting the icc to forcing froJn incoJning  waves
and J~orthwarti-fiowing  warJn currcJlts. ‘l’his rcsu]ts in ice. with (iiffcrcJlt  Jm]t and icc
characteristics iJ~ the two seas.
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%cn  in ~~igure  4 is a histogram showing the distribution of [bc fractional area covcrml by
floes of 5 sim classes, where wc combimt the 6 smallest floe sizes into a single  class due to the
quite small percentage of floes in those classes. I;ocusing  first on classes 2 and 3, it can bc seen
that the percentage of floes in these medium size classes (1 -5 km diameters) general] y clccrcascs
(about 10-20%) steadily over the three time pcriocls,  ~lass 1 floes (less than 1 km in diameter),
however, also slightly dccrcascd  over the same time rather than increased as onc might expect
from accumulation of continuous reduction in the medium-sized floes. This suggests that once
floes made it into the smallest size range, the ftocs were also continuous] y melting away at a rate
that matched accumulation, l:urthcrmorc,  this also stlggcsts  the importance of dynamics on melt
or the freshwater mass balance, since small floes arc likely to be significantly assisted in their
disintegration by mcchanica]  grinding by wind and wave forcing,

‘l’he above trends and analysis do not hold in tbc larger floe si~,es (classes 4 and 5). I’hesc
classes instead increase in percentage over time. Arc mc(iium-sized floes actually forming larger
floes rather than gradually getting smaller as discussc(i  above? “l’his is very unlikely during the
summer periods, since an accretion of floes into larger floes requires cementing together by the
frccz,ing of open water between the ftocs, Occan heating continues throughout the summer
pcriocls and in fact more heat is absorbed as the open water leads increase in size, which serves
to accclcratc melt, Also there is little cvidcncc  of newly-fro~cn ice in the SAR imagery, which
gcncra]ly  shows up quite well on C-band SAR imagery (Kwok and Grnningham,  1994; Stcffcn
and IIcinrichs,  1994). Rather wc attribute the incrcasc  in the larger floe sizes to 1 or 2 possib]c
explanations. The shape filter accounts for floes that arc too branchy  and removes thcm from the
segmented floe category. The branch y appearance or 1 ack of separation affects larger floes more
than smaller floes. This problem may be smwmal,  resulting in an uneven sampling for
comparison, Also, there may be a dccrcasc  in area cowmd  by floes over ti m, leaving large
floes to account for a higher percentage of size distribution. We are presently analyzing these
results more carefully to resolve this question. Most likely these classes arc actually relative
stable over time, since wind and wave forcing WOUIC1  have ICSS impact on bigger floes.

Summary

A useful algorithm has been tcs[cd for examining the distribution of floe sizes during a
summer period, Preliminary results  indicate a .stcad y dccrcasc  in floe sizes from 1-5 km diameter
over time and above 74°N in the ccntra] pack ice region of tllc ]Icaufort Sea. The size of smaller
floes remained fairly stable over time rather than accumulating, indicating the continuous melt of
these small floes and the importance of dynamics. IIifficu]ty  in separating larger floes (> 5 km
diameter) in the car]y summer prcvcntcd  trend analysis for tllcsc siz,es.  “l’his study is the first
attempt at a large-scale study of ftoc size changes over a sunlnwr  period in the Arctic, an
impor[ant  measurement parameter for examining the summer heat and freshwater budgets in the
polar regions.
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I;igurc 1, lcc-ocean model showing heat fluxes 1; and salt ftuxcs S ciuring  summer melt. The
heat (salt) flux is positive (negative) in the direction of the arrows. After Steele (1992) ancl
Maykut  andPerovich(1987).

l~igurc  2. Ocean heat and salt budgets during summer mc]t for initial floe diameter of 30 m (left
column) and 300 m (right colunlJI), After Steele (1992).

IJigurc 3. A) ERS- 1 SAR image from June 18, ] 996, 76.2°N,  160.5°W; 13) lmagc of algorithm
output showing floe size distribution; ~) floe size histogram with pcrccntagc  of fractional area
shown for each of 10 floe siz,c classes.

l~igurc  4, Ikactional area of floe sizes during three summer time pcriocls  in the 13caufort  anti
Chukchi  Seas during 1992, separated into latitude bins. N =: number of images included in the
mcasurcmcnts. II = number of images analyzed but c.xc]udc.d from mcasurcmcnts duc to
problematic output, Scc text for analysis.



Tab]c 1. &lccted  Time Periods for 1992 Study

Period DayLof }Lcar .__.. .___l M!QE—.—
1. I’rc-melt- 150-164 5/2.9-6/12
2. Melt Onset 165-179 6/1 3-6/27
3. Summer A 180-199 6128 -71J7
4. Summer B 200-219 7/1 8-8/06
5. Summer ~ 220-239 8/07 -8/?6
6.1 lcczc-up  Onset 240-250 8/27-9/06
7. Post frcczc-up 251-270 9/07- 9/2 6

“1’able 2. &ca and Diameter of l~lo~Si  ~,c ~lass~s

CYass, , _- ..__ Area (knl~__  ___ .1 )“ (ml
1 0.01-0.64 123- 985
2 0.64-2.56 985- ]9(39
3 2.56 -16.0 ] 969_ 4924
4 16.0 -64,0 4924- 9g47
5 >64.0 >9847

*I~rom Rothrock  and Thorndikc (1984), diameter 11 is related to Area A by
A = a 112 where a = 0.66.


